A major virulence factor for Yersinia pseudotuberculosis is lipopolysaccharide, including O-polysaccharide (OPS). Currently, the OPS based serotyping scheme for Y. pseudotuberculosis includes 21 known O-serotypes, with genetic and structural data available for 17 of them. The completion of the OPS structures and genetics of this species will enable the visualization of relationships between O-serotypes and allow for analysis of the evolutionary processes within the species that give rise to new serotypes. Here we present the OPS structure and gene cluster of serotype O:12, thus adding one more to the set of completed serotypes, and show that this serotype is present in both Y. pseudotuberculosis and the newly identified Y. similis species. The O:12 structure is shown to include two rare sugars: 4-C[(R)-1-hydroxyethyl]-3,6-dideoxy-D-xylo-hexose (D-yersiniose) and 6-deoxy-L-glucopyranose (L-quinovose). We have identified a novel putative guanine diphosphate (GDP)-L-fucose 4-epimerase gene and propose a pathway for the synthesis of GDP-L-quinovose, which extends the known GDP-L-fucose pathway.
Introduction
Lipopolysaccharide (LPS) has been identified as a major virulence factor in the Gram-negative pathogen Yersinia pseudotuberculosis (Porat et al. 1995; Skurnik et al. 1999) . O-specific polysaccharide (OPS, O-antigen) is the most distal component of the LPS and, in most of the cases, consists of a chain of O units that comprise various sugars linked together in a specific combination. OPS polymorphisms within a species are differentiated by serology for the classification of strains, and the current O-serotyping scheme for Y. pseudotuberculosis describes 21 different OPS serotypes (Tsubokura and Aleksic 1995) . The original Y. pseudotuberculosis species was recently divided into two separate species, designated Y. pseudotuberculosis and Y. similis (Sprague et al. 2008 ). The distinction was confirmed by a Multi-Locus Sequence Typing (MLST) study (Laukkanen-Ninios et al. 2011) , and it was proposed that the two species should be considered as a Y. pseudotuberculosis complex. The study also showed that a range of O-serotypes were shared between Y. similis and Y. pseudotuberculosis species.
In Y. pseudotuberculosis, the genes required for OPS synthesis are located in a gene cluster flanked by non-OPS genes, hemH and gsk (Reeves et al. 2003) . Each gene cluster has a common promoter region located immediately downstream of hemH, referred to as the Just Upstream of Many Polysaccharide Starts (JUMPStarts) (Hobbs and Reeves 1994) . Y. pseudotuberculosis OPS are unusual as the majority of the structures include an otherwise rare immunodominant 3,6-dideoxyhexose (3,6-DDH) sugar side-branch (Reeves et al. 2003) . Currently, Y. pseudotuberculosis OPS serotypes present the largest range of 3,6-DDH isomers in nature, with seven different types: D-paratofuranose (L-Colp) . These sugars (except L-Colp) are synthesized via a common enzymatic pathway involving DdhA, DdhB, DdhC and DdhD proteins that synthesize a nucleotide-linked sugar intermediate . Each CDP-3,6-DDH is formed from this intermediate, and the 3,6-DDH type is determined by the presence of one or two additional proteins, e.g. YerE and YerF for CDP-D-Yer(A)p (Chen et al. 1998 ).
The genes encoding these proteins share high levels of similarity across all serotypes, and have conserved gene order and location at the 5′ end of the gene clusters (Reeves et al. 2003; Cunneen et al. 2009 Cunneen et al. , 2011 De Castro et al. 2009 .
Currently, 17 out of 21 OPS gene clusters and the corresponding O-unit structures have been determined for Y. pseudotuberculosis, with serotypes O:8, O:9, O:12 and O:13 remaining to complete the data set (Reeves et al. 2003; Cunneen et al. 2009 Cunneen et al. , 2011 De Castro et al. 2009 . This study presents the O-unit structure of Y. similis isolate N916Ysi and the OPS gene cluster of isolate MW864-2. The latter was previously characterized as Y. pseudotuberculosis complex O:12 serotype (Bogdanovich et al. 2003) , and the former was included in a large genome sequencing project (accession number ERS008562, Reuter et al., manuscript in preparation). Here, we show that the two isolates share the same OPS gene cluster which corresponds to the O-unit structure presented, suggesting that the two strains should be considered the same serotype and classified as O:12.
Our results show that the OPS structure of serotype O:12 consists of 2-acetamido-2-deoxy-D-glucopyranose (D-GlcpNAc), D-galactopyranose (D-Galp) and two rare sugars, a 6-deoxy-L-glucopyranose (L-quinovopyranose, L-Quip) and D-Yer(A)p. The corresponding O:12 OPS gene cluster was found to have a genetic arrangement typical for OPS of the Y. pseudotuberculosis complex, but including many genes related to the OPS gene cluster of Providencia alcalifaciens O44; which to the best of our knowledge is the only other strain known to date with L-Quip in its O unit (Ovchinnikova et al. 2012) . Based on the genetic analysis presented in this paper, a putative gene for the synthesis of L-Quip was identified and a novel synthesis pathway was proposed.
Results

Compositional analysis
Compositional analyses and absolute configurations of the Y. similis N916Ysi OPS sugars were determined according to the established methods (De Castro et al. 2010) , and disclosed the occurrence of D-Galp, D-GlcpNAc and L-Quip. D-Yerprelated peaks were not detected or not identified due to the lack of a standard.
OPS NMR analysis
The complete assignment of OPS 1 H and 13 C resonances was achieved (Table I) , combining the information obtained from double quantum filtered correlation spectroscopy (DQF-COSY), total correlation spectroscopy (TOCSY), nuclear overhauser effect spectroscopy (NOESY), gradient promoted heteronuclear single quantum coherence (gHSQC) and gradient promoted heteronuclear multiple bond correlation (gHMBC) nuclear magnetic resonance (NMR) experiments.
The anomeric region ( Figure 1) showed four proton signals that were sequentially labeled with a capital letter reflecting their decreasing order of chemical shifts, whereas the high-field region showed two geminal methylene signals (2.09 and 1.70 ppm) due to the presence of the D-Yerp residue, one N-acetyl methyl (2.00 ppm) and three different methyl signals (1.29, 1.21 and 1.17 ppm) due to one L-Quip and to the D-Yerp units.
The first anomeric signal, A, was classified as an O-3,4-linked α-D-Galp residue: The galacto stereochemistry was explained by the interruption of the scalar correlations at proton H-4 in both the COSY and TOCSY spectra, the α-configuration was established on the basis of the appearance of the anomeric signal at 5.04 ppm as narrow doublet, due to (Bock and Pedersen 1983) .
The anomeric proton of residue B appeared at 4.96 ppm as a doublet with a 3 J H1,H2 coupling constant value of 4.0 Hz, this proton was correlated in the TOCSY spectrum with other five protons, among these one resonating at 1.29 ppm. These information taken together and integrated with the composition chemical data, identified this unit as a 6-deoxy-α-Lglucopyranose, or α-L-Quip and the C-4 chemical shift at 83.9 ppm suggested the occurrence of a glyco-substituent at O-4.
With regard to residue C, its β-configuration was indicated from the 3 J H1,H2 coupling constant value of 7.9 Hz; following the COSY correlation it was possible to identify H-2 and the diastereotopic methylene H-3 protons at low fields, while analysis of the NOESY spectrum correlated H-1-H-5, which were close due to their syn-1,3-diaxial orientation upon the pyranose ring. Furthermore, the H-5 signal correlated with H-6 at 1.17 ppm, which in turn displayed two correlations in the HMBC spectrum, the first with a carbon at 75.9 ppm, namely C-5, and a second with a carbon at 76.5 ppm not present in the HSQC spectrum because not bearing any proton. This last carbon signal was attributed to C-4 of C and it was by HMBC correlated to the methyl proton signal at 1.21 ppm which was assigned to the pending hydroxyethyl moiety of the D-Yerp residue; this doublet at 1.21 ppm, namely D-Yerp H-6′, was correlated by COSY to a proton at 3.74 ppm, H-5′. Importantly, two different types of D-Yerp have been described (Zubkov et al. 1992) , they differ for the stereochemistry at C-5′ and are referred as type A and B, DYer (A)p and D-Yer(B)p, respectively. The identification of residue C as D-Yer(A)p was based on the comparison of its carbon and proton chemical shifts with those reported for the two stereoisomers (Zubkov et al. 1992) .
Eventually, the D residue was classified as an O-3 substituted β-D-GlcpNAc residue: The gluco stereochemistry assignment resulted by the efficient magnetization propagation in the TOCSY spectrum while COSY analysis completed the attribution of all the protons. The β-configuration was deduced from the 3 J H1,H2 coupling constant value of 8.3 Hz, and C-2 was an N-acetylated nitrogen bearing carbon, as proven by the H-2 deshielded chemical shift and by the presence of one N-acetyl signal in the proton spectrum. The C-3 carbon signal was shifted to low field compared with the standard value (74.6 ppm) (Bock and Pedersen 1983) , proving its glycosylation.
The structure of the repeating unit was deduced from the NOESY and HMBC spectra, in the latter of which the following long-range correlations were found: H-1 of A with C-4 of (Table II) , and named in accordance with the Bacterial Polysaccharide Gene Nomenclature (BPGN) database (Reeves et al. 1996) .
Arrangement of the O:12 gene cluster and relationship to other serotypes within the complex The O:12 gene cluster (Figure 3 ) was found to have the same arrangement as other serotypes of Y. pseudotuberculosis, with ddhDABC genes present at the 5′ end and manB/wzz present at the 3′ end. The gene cluster shares ddhDABC and yerEF genes with serotype O:6, the only other Y. pseudotuberculosis OPS gene cluster known to express D-Yer(A)p . At the 3′ end of the O:12 gene cluster, the gmd/fcl/ manC/wbyL/manB/wzz gene module was identified; known Between the 5′ and 3′ gene modules, the O:12 gene cluster contains five other genes: wzx, orf8, wzy, orf10 and orf11. orf8 and orf10 were identified as putative glycosyltransferases and were named wbzH and wbzI, respectively, and orf11 was identified as a putative L-Quip biosynthesis gene. The O:12 OPS gene cluster contains wzx, wzy and wzz genes indicating that the synthesis of the OPS follows the Wzy-dependent processing pathway (Whitfield 1995) as for the other serotypes of the Y. pseudotuberculosis complex. With the exception of the initiating transferase which begins the construction of the O unit on the cytoplasmic side of the inner membrane, all the genes required for the synthesis of the O:12 OPS structure are found within the OPS gene cluster sequence. In Yersinia, the initiating transferase for the OPS is thought to be WecA, specific for D-GlcpNAc, as shown experimentally for Y. enterocolitica serotypes O:3 and O:8 (Skurnik and Zhang 1996; Zhang et al. 1997; Skurnik 1999) . WecA is also involved in the synthesis of the enterobacterial common antigen (ECA) and so the wecA gene is found within the ECA gene cluster. Table II ).
YerF completes the synthesis of CDP-D-Yerp and determines the orientation of the linkage which distinguishes the Yer(A) structure from that of Yer(B) (Chen et al. 1998; He et al. 2000 ). The sequence difference in yerF could be understood if we were comparing DYer(A)p and D-Yer(B)p structures, but the structure reported for O:6 is D-Yer(A)p, and we find that O:12 has D-Yer(A)p, giving us no explanation for the sequence difference in just one of the six genes involved. However the O:6 structure and sequence were reported independently, and it is possible that the serotyping would not distinguish the two forms, and that the gene cluster of O:6 strain used to determine the sequence had D-Yer(B)p. Further studies are required to determine the genetic basis for the difference between D-Yer(A)p and D-Yer(B)p.
L-Quinovose biosynthesis
The gmd, fcl, manC, wbyL and manB genes found toward the 3′ end of the O:12 OPS gene cluster wzz are present in the same order as in the O:1b and O:11 gene clusters (Figure 3 ), where they are responsible for synthesis of the (Table II) . Orf11 belongs to the Pfam family of epimerases of clan CL0063; the same family and clan as the common Y. pseudotuberculosis Gne (Und-PP-D-GlcpNAc-4-epimerase), which shares 27% amino acid sequence identity to Orf11. We propose that Orf11 is a C4 epimerase converting GDP-L-Fucp to GDP-L-Quip and orf11 has been named qui.
L-Quip is rare in bacterial polysaccharides and to the best of our knowledge has only been confirmed in the O44 O antigen of the combined Providencia alcalifaciens/P. stuartii O-serological scheme (Kocharova et al. 2005) , although it has been tentatively identified in the LPS of Legionella feeleii (Sonesson et al. 1994 (Figure 4) . The P. alcalifaciens O44 gene cluster sequence (Ovchinnikova et al. 2012 ) has a gene module similar to that of O:12 ( Figure 5 ), likely to be responsible for the similarities in the O-unit structures. Ovchinnikova et al. (2012) also proposed that the biosynthesis pathway of L-Quip must branch from the pathway of L-Fucp, but did not identify the gene responsible for this. There is a homolog of our qui gene in the P. alcalifaciens O44 OPS gene cluster that was identified as the gne gene expected for synthesis of a D-GalpNAc residue in the P. alcalifaciens O44 O unit. However, the two proteins share 54.5% amino acid sequence identity and given the conservation of gene order, we suggest that both have the qui function proposed for Y. pseudotuberculosis. In Escherichia coli it is not uncommon to find the gne for OPS D-GalpNAc residues to be outside of the main gene cluster (Wang et al. 2002) , and that could also apply in this case if the proposed gne gene is in fact a qui gene. The two research groups are currently collaborating in biochemical studies of L-Quip biosynthesis.
Proposed GDP-L-Quip biosynthesis pathway
The O:12 gene cluster includes genes for synthesis of L-Fucp, and the proposed biosynthesis pathway for L-Quip, as presented in Figure 6 , involves the C4 epimerization of GDP-L-Fucp by the Qui protein to give the GDP-L-Quip O-unit precursor. It should be noted that the O:12 manB gene has a single base deletion at base 445, resulting in a frameshift mutation, although strain MW864-2 has long chain OPS (data not shown). The mutation was confirmed by four clean sequence trace files in both the forward and reverse directions, and as we find a second manB gene in the recently released genome of N916Ysi (accession number ERS008562), it is proposed that this second copy compensates for the loss of manB function in the OPS gene cluster. A similar situation was found in Y. pseudotuberculosis O:6, in which the manB gene is in two fragments disrupted by a large IS remnant (Figure 3 ), but a second manB gene was identified elsewhere on the chromosome and proposed by Cunneen et al. (2011) to compensate for the loss of the OPS manB since an O-antigen was still expressed.
Glycosyltransferase gene assignments
The WbyL glycosyltransferase of O:11 and O:1b has been allocated to the α-L-Fucp-(1 → 3)-D-GlcpNAc linkage. The O:12 WbyL glycosyltransferase has 93% identity to that of O:11 and we propose that it is responsible for the corresponding α-L-Quip-(1 → 3)-D-GlcpNAc in the O:12 structure. As discussed previously, the L-Fucp and L-Quip sugars have similar structures and share an α-(1 → 3) linkage to D-GlcpNAc. Given the similarity of the linkages and the enzymes, it is probable that WbyL is capable of transferring either sugar and that they would cross complement, so we have retained the wbyL name for O:12.
Downstream of the ddhDABC/yerEF genes, there is a wzx gene and a putative glycosyltransferase gene, wbzH, in an arrangement that is common in Y. pseudotuberculosis OPS gene The remaining glycosyltransferase, WbzI, shares 44% amino acid sequence identity to a putative glycosyltransferase of E. coli STEC_94C (Table II) , for which no function has been proposed, and the next significant BLASTp hit is to E. coli O117 D-Glcp transferase, WclY, which shares 31% amino acid sequence identity to WbzI. We have allocated WbzI to the transfer of D-Galp as this is the only linkage yet to be accounted for.
The O:12 gene cluster is the same in Y. pseudotuberculosis and Y. similis Isolates N916 and MW864-2 were originally identified as O:13 and O:12 serotypes, respectively, of Y. pseudotuberculosis, but the N916 strain in the Skurnik lab was found to be O:12 (Bogdanovich et al. 2003) . In addition, a draft genome sequence (Reuter et al., manuscript in preparation) shows that this strain is a Y. similis strain, and to distinguish it from the original N916, we have renamed it as N916Ysi. It is not known how the confusion arose, but as a result we do not know the provenance of N916Ysi, as it is not related to the original N916. Western blotting using anti-O:12 sera was performed on these isolates and was positive for both strains, while blotting with anti-O:13 sera gave negative results (data not shown). We identified the OPS gene cluster from the genome sequence of N916Ysi and found that the N916Ysi OPS gene cluster differs from that of MW864-2 sequence by only 2 bp. MW864-2 was already known to be Y. similis (Laukkanen-Ninios et al. 2011) , so N916Ysi and MW864-2 are both Y. similis (Figure 3) .
We therefore performed PCR screening on O:12 isolates IP32884 and IP32823 which are in ST41, a Y. pseudotuberculosis sequence type (Laukkanen-Ninios et al. 2011 ). The genes targeted by PCR included yerE, wzy and qui. The qui gene is exclusive to the O:12 OPS gene cluster, which also has a unique form of wzy, and while yerE, is also found in O:6, the combination of these three genes is unique 
Materials and methods
Bacterial strain, cultivation of bacteria and isolation of the LPS The Y. similis (formerly Y. pseudotuberculosis) serotype O:12 reference strain MW864-2 has been described earlier (Bogdanovich et al. 2003 ). The Y. pseudotuberculosis O:12 isolates IP32823 and IP32884 have also been described (Bertani 2004) . For fermentor cultivation of bacteria, a 250 mL inoculum of N916YSi in LB was grown overnight at 25°C on a rotary shaker at 200 rpm. Fermentor cultivation was done in a BIOSTAB B plus Sartorius Fermentor with 4 L Yersinia fermentor medium as described elsewhere ). During fermentation, pH was maintained at 7.4 by addition of 20% NaOH. The PO 2 of the culture was kept at 50% saturation by sterile air flow aeration and stirrer speed control. After 20-24 h fermentation at 25°C, the bacteria were killed by adding phenol at a final concentration of 0.5-1%, washed with PBS until the supernatant was clear and freezedried. The bacteria were washed successively with ethanol, acetone and ether (42.4 g dry mass) which were extracted with hot phenol/water (Westphal and Jann 1965) . The obtained water phase was dialyzed, then lyophilized (4.73 g crude LPS, 11.2% of bacterial dry mass) and purified by enzymatic treatment (De Castro et al. 2010) , then dialyzed and lyophilized (1.71 g, 4.0% of the bacterial dry mass). This sample was ultracentrifuged (150,000 × g, 4°C, 4 h) three times, then lyophlized (800 mg, 1.9% of the bacterial dry mass).
General and analytical methods
Monosaccharides were analyzed as acetylated O-methylglycosides, as reported elsewhere. The absolute configuration was determined by analyzing of the chiral 2-octyl (or 2-butyl for glucosamine) derivatives (De Castro et al. 2010 ).
Isolation of the OPS
The LPS (113.6 mg) was hydrolyzed (1% acetic acid, 100°C, 2 h), then ultracentrifuged (104,000 × g, 4°C, 20 h), resulting in a crude OPS fraction in the supernatant, which was lyophilized (44.1 mg, 38.8% of the LPS). This sample was separated by gel-permeation chromatography on a column (2.5 × 75 cm) of Sephadex G-50 fine, eluted by pyridine:acetic acid:water (4:10:1000, by vol.), which gave 8.4 mg of purified OPS (7.4% of the LPS).
NMR spectroscopy 1D and homonuclear spectra were recorded with a Bruker DRX-600 equipped with a cryogenic probe operating at 303 K with an inverse z-gradient probe. The sample was solved in 0.5 mL For the homonuclear experiment, solvent saturated DQF-COSY, TOCSY and ROESY spectra, 512 FIDs of 2048 complex data points were collected, with 24 scans per FID and using standard manufacturer software. The spectral width was set to 10 ppm and the frequency carrier was placed at the residual HOD peak and mixing times of 120 and 200 ms were used for TOCSY and NOESY, respectively. For the gHSQC and gHMBC spectra, 512 FIDS of 2048 complex points were acquired with 50 scans per FID, the GARP sequence was used for 13 C decoupling during acquisition. Data processing was performed with standard Bruker Topspin 1.3 program, the spectra were assigned using the computer program Pronto (Kjaer et al. 1994 ).
Preparation of DNA and sequencing Y. similis isolate MW864-2 was used in this study to sequence the O:12 OPS gene cluster. Yersinia pseudotuberculosis O:12 isolates IP32823 and IP32884 were used for PCR screening to confirm the presence of the O:12 OPS gene cluster in both species. Chromosomal DNA was extracted from each of these strains after growth in a 10 mL overnight culture as previously described (Maloy 1990) .
Primers for sequencing were initially designed based on Y. pseudotuberculosis O:1b sequence (accession number NC_006155) to amplify the regions that were previously identified in the O:12 (MW864-2) OPS gene cluster by O-genotyping (Bogdanovich et al. 2003) . For these regions, short-range PCR was used for amplification and was carried out using VENT Taq polymerase (New England Biolabs) with conditions: 1 cycle at 94°C (2 min), 30 cycles at 94°C (30 s), 54-60°C (30 s), 72°C (1-2 min) and 1 cycle at 72°C (5 min). To amplify unknown regions >3 kb, long-range PCR was carried out using Phusion high-fidelity polymerase (Finnzymes) with conditions: 1 cycle at 98°C (30 s), 30 cycles of a succession of 3 different temperatures of 98°C (10 s), 54-60°C (30 s), 72°C (3-4 min) and 1 cycle at 72°C (5 min). A sequence was obtained by a process of sequence walking, and both forward and reverse strands were sequenced to reduce error.
Prior to sequencing, PCR products were purified using the Ultraclean PCR clean up kit (Mo Bio Laboratories, Inc., CA). Sequencing was carried out at the Australian Genome Research Facility (Sydney, Australia), using the AB3730xl sequencing platform. Primer sequences were obtained from Sigma-Aldrich and are available on request.
DNA sequence analysis
Sequence trace files were compiled using the Gap4 program from the Staden package (Staden 1996) . ORF Finder (http:// www.ncbi.nlm.nih.gov/gorf/gorf.html) was used on the final contig to find ORFs, which were submitted to BLASTp (Altschul et al. 1990 ) for identification. Sequence comparison alignments of gene clusters were created using ClustalW and the Artemis Comparison Tool (Carver et al. 2005 ). The DNA sequence derived from this study has been deposited into the GenBank database (accession number JX454603). 
